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ABSTRACT 

The S e r v i c e  Module Reac t ion  C o n t r o l  System (SM-RCS) i s  
c a p a b l e  of  pe r fo rming  t h e  spin-up maneuver of Skylab  B f o r  an arti- 
f i c i a l  g r a v i t y  expe r imen t .  S ince  c o n s t a n t  s p i n  i s  s t a b l e  o n l y  abou t  
t h e  a x i s  o f  maximum moment o f  i n e r t i a ,  t h e  sp in-up  t o r q u e  s h o u l d  
be applied a b o u t  t h i s  a x i s .  The RCS t h r u s t e r s  can apply  an 
average t o r q u e  a b o u t  t h i s  a x i s  by o p e r a t i n g  i n  a p u l s e d  mode. 
Using a minimum f u e l  open-loop p rocedure  f o r  a p p l y i n g  a s p e c i f i e d  
a v e r a g e  t o r q u e ,  t h e  r i g i d  body dynamics a r e  s i m u l a t e d  d u r i n g  and 
a f t e r  spin-up.  

Spin-up t o  f o u r  rpm p roducures  n e g l i g i b l e  wobble when 
t h e  l o c a t i o n  o f  t h e  a x i s  of  maximum moment o f  i n e r t i a  i s  known 
p r e c i s e l y .  I f  t h e r e  i s  a s u b s t a n t i a l  error i n  t h e  knowledge o f  
t h e  l o c a t i o n  of t h i s  a x i s ,  t h e  same sp in -up  p rocedure  produces  
larger,  b u t  a c c e p t a b l e  ampl i tudes  o f  wobble. These judgements 
a re  based on p r e l i m i n a r y  e s t i m a t e s ,  based  on ground t e s t  d a t a ,  
o f  t h e  p h y s i o l o g i c a l  t h r e s h o l d  f o r  wobble d e t e c t i o n  by t h e  s e m i -  
c i r c u l a r  c a n a l s  of t h e  i n n e r  ear .  

The r o t a t i o n  of t h e  s p i n  a x i s  from t h e  s o l a r  v e c t o r  
due t o  t h e  p u l s e d  t h r u s t e r  p rocedure  i s  s m a l l ,  and r e s u l t s  i n  
a n e g l i g i b l e  e lec t r ica l  power p e n a l t y .  

< 
m 

SEE REVERSE SIDE FOR DISTRIBUTION LIST 



BELLCOMM, I N C .  

COMPLETE MEMORANDUM TO - 

CORRESPONDENCE FILES: 

OFFICIAL F I L E  COPY 

plus on. whit. copy for oach 
additional COS. rdoroncod 

TECHNICAL LIBRARY I41 

NASA Headquarters 

H. Cohen/MLR 
P. E. Culbertson/MT 
J. H. Disher/MLD 
W. B. Evans/MLO 
J. P. Field, Jr./MLP 
W. D. Green, Jr./MLA 
W. H. Hamby/MLO 
T. E. Hanes/MLA 
A. S. Lyman/MR (2) 
M. Savage/MLT 
W. C. Schneider/ML 

MS C 

K. J. CoX/EG-23 

- 

0. K. Garriott/CB 
K. L. Lindsay/EG-23 
C. F. Lively, Jr./EG-23 
A. J. Louviere/EW-6 
0.  G. Smith/KW 

MSFC 

W. B. ChUbb/R-ASTR-NGB 
C. R. Ellsworth/PD-SA-DIR 

- 

C. C. Hagood/S&E-CSE-A 
G. B. Hardy/PM-AA-E1 
H. E. Worley, Jr./S&E-AERO-DO 

Martin-Marie tta/Denver 

- G. Rodney 0 
m * McDonnell-Douglasfiest 
c 

I 

R. J. Thiele 

lM- 70-1022-14 

DISTRIBUTION 

4 I 
I 
I 
I COMPLETE MEMORANDUM TO (CONTINUED) 

MIT - Charles Stark Draper Lab 

J. Turnbull/23C (3) 

North American Rockwell/Downey 

J. A .  Jansen/BB-48 (3) 

Bellcomm 

A. P. Boysen 
J. P. Downs 
D. R. Hagner 
W. G. Heffron 
J. Z. Menard 
L. D. Nelson 
R.  V. Sperry 
J. W. Timko 
M. P. Wilson 
Division 102 Supervision 
Department 1024 File 
Department 1022 
Central Files 

ABSTRACT ONLY 

I. M. R o s s  
R. L. Wagner 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
- 



I 
BELLCOMM. INC 
955 L'ENFANT PlAZA NORTH. S W. WASHINGTON, E. 2. 290024 --- 

I 

Skylab  B i n e r t i a  p r o p e r t i e s  were d e r i v e d  by i n c r e a s i n g  
Sky lab  A consumable s u p p l i e s  t o  a nine-month m i s s i o n  c a p a b i l i t y  
and adding  t w o  b a l l a s t  masses on d e p l o y a b l e  booms as shown i n  
F i g u r e  1. These 1 0  s l u g  masses l o c a t e d  a t  (X 1 0 0 ,  - 1 0 )  f e e t ,  
and a t  (X - 1 0 0 ,  1 0 )  f e e t  i n  Skylab  c o o r d i n a t e s ,  r educe  t h e  

a n g l e  between t h e  a x i s  o f  maximum p r i n c i p a l  moment of i n e r t i a  
and t h e  Sky lab  Z-axis ( s o l a r  a r r a y  normal )  t o  approx ima te ly  4' 
(Refe rence  1). Close  a l ignment  of  t h e s e  axes  i s  r e q u i r e d  t o  

C9-I 

C 9  

DATE: September 3 0 ,  1 9 7 0  SUBJECT: Spin-up of  Skylab  B f o r  A r t i f i c i a l  
G r a v i t y  - Case 6 2 0  

FROM: L .  E .  Voelker  

TM 7 0 - 1 0 2 2 - 1 4  

TECHNICAL MEMORANDUM 

1 . 0  I N T R O D U C T I O N  

An a r t i f i c i a l  g r a v i t y  expe r imen t  h a s  been proposed 
f o r  t h e  Skylab  B m i s s i o n .  Spinning  t h e  Skylab  produces a 
c e n t r i f u g a l  f o r c e  f i e l d  and t h e  a r t i f i c i a l  g r a v i t y  environment .  
Assuming a t o r q u e - f r e e  e x t e r n a l  envi ronment ,  s t a b l e  c o n s t a n t  
s p i n  can e x i s t  o n l y  abou t  t h e  a x i s  o f  maximum p r i n c i p a l  moment 
o f  i n e r t i a .  I d e a l l y ,  c o n s t a n t  s p i n  would be  ach ieved  by apply-  
i n g  a t o r q u e  o n l y  about  t h i s  p r i n c i p a l  a x i s .  The S e r v i c e  
Module Reac t ion  C o n t r o l  System, which i s  t h e  e n l y  Skylab sys tem 
c a p a b l e  of  e x e c u t i n g  t h e  spin-up maneuver, canno t  c o n t i n u o u s l y  
a p p l y  such  an i d e a l  t o r q u e .  However, t h e  c o r r e c t  ave rage  
t o r q u e  can b e  a p p l i e d  by t h e  RCS t h r u s t e r s  by o p e r a t i n g  t h e m  
i n  a p u l s e d  mode. 

T h i s  r e p o r t  g i v e s  t h e  r e s u l t s  of  an  a n a l y s i s  o f  t h e  
r i g i d  body dynamics of  Skylab B d u r i n g  sp in-up  by an open-loop,  
p u l s e d  t h r u s t e r  p rocedure  t h a t  i s  op t imized  f o r  minimum f u e l  
consumption.  De te rmina t ion  of t h e  t h r u s t e r  f i r i n g  p r o f i l e  re- 
q u i r e s  p r i o r  knowledge o f  t h e  l o c a t i o n  of t h e  p r i n c i p a l  i n e r t i a  
a x e s  sys tem r e l a t i v e  t o  body c o o r d i n a t e s ,  and t h e  e f f e c t s  of  
m i s c a l c u l a t i o n  of  t h i s  l o c a t i o n  on t h e  v e h i c l e  dynamics are 
i n c l u d e d .  

2.0  ANALYSIS 

2 . 1  I n e r t i a  P r o p e r t i e s  
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a c h i e v e  h i g h  s o l a r  a r r a y  power o u t p u t  when s p i n n i n g  abou t  t h e  
s o l a r  v e c t o r .  The 4' i s  caused by t h e  o f f s e t  ATM and it  i s  
i m p r a c t i c a l  t o  a t t e m p t  t o  r educe  it f u r t h e r .  Un i t  v e c t o r s  a long  
t h e  axes  of  maximum, i n t e r m e d i a t e ,  and minimum p r i n c i p a l  moments 
o f  i n e r t i a  a re  d e f i n e d  as SAX, -INT, U LJbTIN, r e s p e c t i v e l y .  

w e r e  b o t h  s h o r t e n e d  by 3 0  f e e t  t o  7 0  f e e t  i n  l e n g t h ,  t h e  a n g l e  
between t h e  Skylab Z-axis and SAX would i n c r e a s e  by o n l y  one 
d e g r e e .  T h i s  i n c r e a s e  r e s u l t s  from an approximate 3' r o t a t i o n  

O f  %AX 
s t a b i l i t y  i n  i n e r t i a  a x i s  l o c a t i o n  t h a t  t h e y  o f f e r .  I f  t h e  booms 
are  s h o r t e n e d  below 70  f e e t ,  a s m a l l  change i n  l e n g t h  c a u s e s  a 
l a r g e  r o t a t i o n  of  U 

I n  Reference  1 it w a s  shown t h a t  if t h e  b a l l a s t  booms 

abou t  SIN. T h e  1 0 0  f o o t  booms w e r e  chosen f o r  t h e  

about  KMIN. -MAX 

There w i l l  be some u n c e r t a i n t y  i n  t h e  knowledge o f  t h e  
l o c a t i o n  of gMAX i n  Skylab c o o r d i n a t e s ,  however. 

i s  e x p r e s s e d  as  an e r r o r  ang le  6 measured from t h e  assumed loca- 
t i o n  t o  t h e  a c t u a l  l o c a t i o n .  With such an a n g u l a r  e r r o r ,  t h e  
sp in -up  procedure  w i l l  be a p p l y i n g  t h e  ave raqe  t o r q u e  abou t  t h e  
wrong a x i s .  The e r ro r  a n g l e  A i s  g iven  t h e  fo l lowing  v a l u e s  i n  
t h i s  a n a l y s i s  t o  de t e rmine  i t s  e f f e c t  on v e h i c l e  dynamics: O o ,  
imply ing  p e r f e c t  knowledge of t h e  i n e r t i a  p r o p e r t i e s ;  + 5 O  i n  

An error of  5" abou t  SIN i n  t h e  knowledge o f  U i m p l i e s  an 

e r r o r  i n  t h e  p r o d u c t  of  i n e r t i a  I o f  approximate ly  1 5 , 0 0 0  

s l u g - f t  . For I t o  be  i n  e r r o r  by t h i s  magni tude,  t h e  equiva-  
l e n t  of 5 0 0 0  pounds would have t o  be  m i s l o c a t e d  by 1 4  f e e t  on t h e  

c i r c u m f e r e n c e  of  t h e  Workshop. An e r ror  of 0.5O about  gINT i n  
t h e  knowledge of SAX i m p l i e s  an  error i n  t h e  p r o d u c t  of i n e r t i a  

T h i s  error i n  Ixz c o u l d  

r e s u l t  from a m i s l o c a t i o n  of 2 5 0 0  pounds from one s i d e  of  t h e  
Workshop t o  t h e  o t h e r  s i d e  2 0  f e e t  a f t  o f  t h e  Skylab  c e n t e r  o f  
m a s s .  The above values  of 6 a re  t h u s  c o n s i d e r e d  t o  be v e r y  con- 
servat ive bounds on t h e  error a n g l e .  

Th i s  u n c e r t a i n t y  

t h e  p l a n e  of EMAX - gINT: and k 0 . 5 "  i n  t h e  p l a n e  of --MAX U - u  - P I I N '  

-MAX 

2 Y Z  

Y Z  

2 of approximate ly  3 0 , 0 0 0  s l u g - f t  . 
IXZ 

2 . 2  Pulsed  T h r u s t e r  Spin-up 

The p u l s e d  t h r u s t e r  sp in-up  p rocedure  used  i n  t h i s  
s t u d y  i s  based  on a minimum f u e l  s o l u t i o n  f o r  app ly ing  s p e c i f i e d  
t o r q u e  t o  t h e  Skylab  w i t h  t h e  S M  RCS t h a t  w a s  r e p o r t e d  i.n Refer-  
e n c e  2 .  The p rocedure  employs t h r e e  of  t h e  1 6  t h r u s t e r s .  Each 
t h r u s t e r  i s  f i r e d  f o r  a s p e c i f i c  p o r t i o n  o f  a b a s i c  p e r i o d  of  t e n  
seconds ,  which i s  r e p e a t e d  f o r  e i g h t  minu te s  t o  a t t a i n  a s p i n  r a t e  
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t h e  Workshop f l o o r  
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s p i n  r a t e ,  t h e  c e n t r i f u g a l  a c c e l e r a t i o n  a t  
i s  0 . 1 8  G ,  s l i g h t l y  more t h a n  l u n a r  s r a v i t v .  - .' 

The ten-second p e r i o d  i n  t h e  t h r u s t e r  f i r i n g  sequence  i s  a r b i t r a r y  
and was chosen t o  be long  enough s o  t h a t  t h e  t h r u s t e r s  would 
d e v e l o p  maximum s p e c i f i c  impulse b u t  n o t  so long  t h a t  l a r g e  
a n g u l a r  v e l o c i t y  components about  a x e s  o t h e r  t h a n  SAX would deve l -  
OP 

A c o n s t a n t  t o r q u e  about  hx of approx ima te ly  4 0 0 0  
foot -pounds  would a c c e l e r a t e  Skylab  B a t  t h e  s p e c i f i e d  0 . 5  RPM/ 
minu te .*  P u t  a n o t h e r  way, an  a n g u l a r  impulse  of 4 0 , 0 0 0  foot-pound- 
seconds  i s  r e q u i r e d  o v e r  each 1 0  second p e r i o d .  
a c t i n g  i n  t h e  p l a n e  of t h e  RCS quads p e r p e n d i c u l a r  t o  U and 
th rough  t h e  p o i n t  P ,  which marks t h e  i n t e r s e c t i o n  of U J I N  w i t h  
t h e  RCS p l a n e ,  w i l l  p r o v i d e  an a n g u l a r  impulse  of  t h e  c o r r e c t  

A l i n e a r  impulse  

--MAX 

- s e n s e .  T h i s  l i n e a r  impulse  v e c t o r ,  I ,  is  shown i n  F i g u r e  2 .  

T h e  p r o p e r  magnitude of i s  c a l c u l a t e d  by d i v i d i n g  t h e  4 0 , 0 0 0  

f t .  l b .  sec.  a n g u l a r  impulse by t h e  d i s t a n c e  between 7 and t h e  
Skylab  c e n t e r  of m a s s ,  which i s  about  4 2  f e e t .  

With t h e  d a t a  on r e q u i r e d  magnitude and l o c a t i o n  of 
i n  t h e  p l a n e  of  t h e  RCS quads,  a minimum f u e l  s o l u t i o n  f o r  t h e  
t h r u s t e r  f i r i n g  t i m e s ,  w i t h i n  t h e  1 0  second p e r i o d ,  can be 
o b t a i n e d  d i r e c t l y  from Reference  2 .  The s o l u t i o n  i s  such t h a t  
t h e  sum of t h e  impu l ses  from t h e  t h r e e  t h r u s t e r s  u sed  m a t c h e s  
i n  magni tude ,  d i r e c t i o n ,  and l i n e  of a c t i o n .  The l e n g t h s  of t h e  
p u l s e s  f o r  t h e  case a t  hand a r e  shown i n  F i g u r e  2 f o r  one b a s i c  
1 0  second p e r i o d .  F i g u r e  2 also shows t h e  p r o f i l e  o f  t h e  moment 
components abou t  t h e  p r i n c i p a l  axes  o f  i n e r t i a .  The t i m e  i n t e g r a l s  
of  t h e  moment components ove r  t h e  b a s i c  p e r i o d  g i v e  i d e n t i c a l l y  
t h e  p r o p e r  impulse  components. That  i s ,  

10 

d t  = 0 ,  and L1oMMAX d t  = 4 0 , 0 0 0  f t - l b - s e c .  

The sequence of t h e  t h r u s t e r  f i r i n g s  i n  t h e  b a s i c  
p e r i o d  w a s  s e l e c t e d  t o  minimize t h e  i n t e g r a l s  of  t h e  a b s o l u t e  
v a l u e  of t h e  moments abou t  t h e  minimum and i n t e r m e d i a t e  p r i n c i p a l  
a x i s  o v e r  t h e  p e r i o d .  

Although t h e  ten-second i n t e g r a l  o f  t h e  a p p l i e d  moment 
a b o u t  U L J ~ ~  and ZINT i s  z e r o ,  w e  n o t e  from F i g u r e  2 t h a t  t h e  
i n s t a n t a n e o u s  moment abou t  t h e s e  axes  i s  non-zero when any t h r u s t -  
er i s  on. The v e h i c l e  w i l l  t h e r e f o r e  n o t  sp in-up  p e r f e c t l y  about  

*The s p e c i f i c a t i o n  of  an a n g u l a r  a c c e l e r a t i o n  o f  0 . 5  RPM/ 
minu te  t o  a c h i e v e  a f i n a l  4 RPM r a t e  i n  8 minu tes  i s  f o r  t h i s  
s t u d y  o n l y ,  and i s  a r b i t r a r y .  The a c t u a l  s p i n  up p r o f i l e  w i l l  
depend on expe r imen t  r equ i r emen t s .  
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and components of angu la r  v e l o c i t y  w i l l  deve lop  about  t h e  %AX 
o t h e r  axes .  Th i s  c o n d i t i o n  i s  commonly known as wobble, h e r e i n  
d e f i n e d  a s  motion of t h e  angu la r  v e l o c i t y  o r  s p i n  v e c t o r  w i t h  
r e s p e c t  t o  t h e  a x i s  of maximum moment o f  i n e r t i a .  

2 . 3  Simula t ion  

The r i g i d  body dynamics of Skylab B are s i m u l a t e d  by 
i n t e g r a t i n g  t h e  E u l e r  e q u a t i o n s  of r o t a t i o n a l  motion on a d i g i t a l  
computer.  The e f f e c t s  of  t h e  p u l s e d - t h r u s t e r  spin-up procedure  
are s t u d i e d  f o r  t h e  case where t h e  l o c a t i o n  of  t h e  i n e r t i a  axes  
i s  known p r e c i s q i y .  
t h e  l o c a t i o n  are i n v e s t i g a t e d  by u s i n g  t h e  same t h r u s t e r  f i r i n g  
p r o f i l e  t o  s p i n  a v e h i c l e  whose i n e r t i a  axes  are r o t a t e d  by 
amounts 6 .  

The e f f e c t s  of  error i n  t h e  knowledge of 

The of f -nominal  motion,  :hat i s ,  t h e  wobble, i s  
d e s c r i b e d  by t h e  behav io r  o f  a u n i t  a n g u l a r  v e l o c i t y  o r  s p i n  
v e c t o r ,  us, i n  a body-f ixed c o o r d i n a t e  system c o i n c i d e n t  w i t h  
t h e  p r i n c i p a l  axes .  T h e  wobble ang le ,  8, i s  d e f i n e d  as t h e  a n g l e  
between gs and b. 

3 . 0  RESULTS 

I n  t h e  f i r s t  case ana lyzed ,  t h e  l o c a t i o n  of  SAX is 
known p r e c i s e l y  ( 6  = 0 ) .  Figure  3 shows U p r o j e c t e d  o n t o  a 

p l a n e  p e r p e n d i c u l a r  t o  SAX d u r i n g  t h e  f i r s t  p a r t  of t h e  spin-up 

p rocedure .  

0 i s  l a r g e  b u t  t h e  s p i n  r a t e  i s  ve ry  s m a l l .  A t  t h e  end of  t h e  

f i r s t  p e r i o d  ( t e n  s e c o n d s ) ,  0 i s  ve ry  s m a l l .  A f t e r  a f i r i n g  
p e r i o d ,  U always r e t u r n s  t o  approximate ly  t h e  same p o s i t i o n  it 

had a t  t h e  beginning  of t h e  pe r iod .  T h e  s p i n  r a t e  i n c r e a s e s  and 

t h e  maximum d e v i a t i o n  i n  0 d u r i n g  t h e  p e r i o d  d e c r e a s e s  i n  each  
s u c c e s s i v e  p e r i o d .  F i g u r e  4 shows t h e  l o c u s  of t h e  p o s i t i o n s  
of LJs a t  t h e  end of each  p e r i o d  f o r  6 = 0. 

f o r  t h e  t o r q u e - f r e e  mot ion  a f t e r  spin-up i s  an e l l i p s e  t h a t  

i s  t r a c e d  eve ry  3 8  seconds.  The shape of t h i s  e l l i p s e  i s  
de te rmined  by t h e  i n e r t i a  p r o p e r t i e s  and t h e  s i z e  of t h e  e l l i p s e  
i s  de termined  by t h e  l o c a t i o n  of gs a t  t = 8 minutes .  

t r a c i n g  t h i s  e l l i p s e ,  t h e  wobble a n g l e  0 ,  which i s  caused by t h e  
sp in-up  procedure ,  v a r i e s  from 0 . 1  t o  0 . 2  deg rees  on t h e  axes  of  
minimum and i n t e r m e d i a t e  p r i n c i p a l  moments of i n e r t i a ,  r e s p e c t i v e -  
l y ,  a s  shown i n  F i g u r e  4 .  

-S 

A t  t = 0' ( t h e  s p i n  v e c t o r  does  n o t  e x i s t  a t  t = 0 )  

-S 

The p a t h  of gs 

While 
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F i g u r e s  5 and 6 show t h e  e f f e c t  of errors i n  knowledge 
of t h e  l o c a t i o n  of ULJx u s i n g  t h e  same p u l s e d  t h r u s t e r  spin-up 

procedure .  Figl i re  5 shows t h e  p a t h  of U ( a t  t h e  end of  each 
t h r u s t  p e r i o d )  d u r i n g  spin-up and t h e  f i n a l  e l l i p t i c a l  p a t h  f o r  

e r r o r  a n g l e s ,  6 ,  of p l u s  and minus 5 O  i n  SAX about  %IN. 
zero error case i s  r e p e a t e d  from F igure  4 .  The r e sponses  f o r  
6 = 5" and 6 = -5' d u r i n g  spin-up are d i s s i m i l a r  because  of  t h e  

p u l s e d  t h r u s t e r  spin-up procedure.  The e l l i p t i c a l  p a t h s  d i f f e r  
i n  s i z e  s i n c e  t h e  l o c a t i c n s  of U a t  t = 8 minutes  a r e  d i f f e r e n t .  -S 
When an  i d e a l i z e d  c o n s t a n t  moment i s  a p p l i e d  i n s t e a d  o f  t h e  p u l s e d  

t h r u s t e r  p rocedure ,  t h e  response i s  i d e n t i c a l  i n  shape fo r  e i the r  

p o s i t i v e  o r  n e g a t i v e  6 ,  though t h e  p o s i t i o n s  of  us a r e  r o t a t e d  

180° i n  t h e  p r i n c i p a l  p l ane .  

i z e d  m o m e n t  i s  q u i t e  s i m i l a r  t o  t h e  p u l s e d  spin-up p a t h s  of U 

f o r  6 = 5 O ,  - 5 O .  

and t h e  f i n a l  e l l i p t i c a l  p a t h  f o r  e r r o r s  6 = 0 ,  + 0 . 5 O  i n  SAX 
about  tJINT. 

L i m i t s  on t h e  wobble a n g l e  0 a s  a f u n c t i o n  o f  s p i n  r a t e  
a r e  d e r i v e d  i n  Reference 3 and are shown i n  F igu re  7 .  Both l i m i t s  
w e r e  d e r i v e d  from pub l i shed  d a t a  on t h e  a b i l i t y  of t h e  i n n e r  ear t o  
s e n s e  a n g u l a r  a c c e l e r a t i o n .  The lower l i m i t  i s  based on t h r e s h o l d  
d a t a  on t h e  b l u r r i n g  of v i s i o n  and t h e  h i g h e r  l i m i t  on t h e  t h r e s h o l d  
of t h e  Cor io l i s  i l l u s i o n  i n  a r o t a t i n g  environment.  Also shown a r e  
enve lopes  of t h e  maximum v a l u e s  of 0 g e n e r a t e d  d u r i n g  t h e  p u l s e d  
t h r u s t e r  spin-up procedure  f o r  6 = 0 ,  tCI.5' about  lJINT, and 2 5 O  

about  sIN. 
l e a s t  one o r d e r  of magni tude s m a l l e r  t han  t h e  l o w e r  l i m i t .  With 
e r r o r  i n  t h e  l o c a t i o n  of kX t h e  maximum wobble a n g l e  i s  a t  most 
15% t h e  v a l u e  of t h e  lower l i m i t .  I t  should be no ted ,  t o o ,  t h a t  
no wobble damping or a c t i v e  v e h i c l e  c o n t r o l  have been i n c l u d e d  i n  
t h e  s i m u l a t i o n .  

i s  always a c e r t a i n  amount o f  damping caused  by t h e  h y s t e r e s i s  
e f f e c t s  of  stress c y c l e s .  I n  a t o r q u e - f r e e  environment ,  t h i s  
damping w i l l  e v e n t u a l l y  e l i m i n a t e  a l l  wobble of a s p i n n i n g  body. 
Then us and SAX w i l l  c o i n c i d e  w i t h  U 

d i r e c t i o n  of t h e  a n g u l a r  momentum v e c t o r .  I n  a t o r q u e - f r e e  
environment ,  t h e  a n g u l a r  momentum is  c o n s t a n t  i n  s i z e  and o r i e n t a -  
t i o n  i n  an i n e r t i a l  r e f e r e n c e  frame. Thus, i n  t h e  absence  o f  
e x t e r n a l  t o r q u e s ,  LJH a t  t h e  end o f  spin-up i s  t h e  u l t i m a t e  loca- 
t i o n  of U w i t h  r e s p e c t  t o  i n e r t i a l  space .  

-S 

The 

The p a t h  d u r i n g  spin-up w i t h  i d e a l -  

-S 
Figure  6 shows t h e  behav io r  of Es d u r i n g  sp in-up  

For 6 = O o ,  t h e  maximum wobble a n g l e  i s  always a t  

I n  any e l a s t i c  body undergoing p e r i o d i c  l o a d i n g  t h e r e  

a u n i t  v e c t o r  i n  t h e  -H' 

-S 
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F i g u r e  8 shows t h e  p a t h  of  t h e  u n i t  a n g u l a r  momentum 
vector LIH d u r i n g  sp in-up  and a l s o  i t s  u l t i m a t e  l o c a t i o n  a t  t h e  

end o f  sp in -up  f o r  6 = 0 ,  f 5' a b o u t  SIN. 
of maximum moment of i n e r t i a  i s  i n i t i a l l y  a l i g n e d  w i t h  t h e  s o l a r  
v e c t o r ,  whe the r  o r  n o t  t h e r e  i s  an e r r o r  i n  t h e  knowledge of i t s  
l o c a t i o n ,  t h e  r e f e r e n c e  frame is  a so la r  i n e r t i a l  c o o r d i n a t e  
sys tem w i t h  t h e  s o l a r  v e c t o r  o u t  of  t h e  page a t  t h e  o r i g i n .  The 
u l t i m a t e  l o c a t i o n s  of llH are n e a r l y  i d e n t i c a l  and less t h a n  two 

d e g r e e s  from t h e  s o l a r  v e c t o r .  The d i f f e r e n c e s  i n  b e h a v i o r  i n  
t h e s e  t h r e e  cases a r i se  from t h e  manner i n  which gH s p i r a l s  i n  

t o  i t s  u l t i m a t e  l o c a t i o n .  
d u r i n g  and a f t e r  spin-up f o r  6 = 0 ,  +0.5O a b o u t  uINT. 

t h e  a n g l e  between t h e  Skylab Z-axis ( so la r  a r r a y  normal)  and 
t h e  so la r  vector. I t  i s  approx ima te ly  p r o p o r t i o n a l  t o  t h e  c o s i n e  
o f  t h i s  a n g l e .  
t h e  largest  a n g l e  between U 

Z-axis .  T h i s  a n g l e ,  which i s  7.2" ,  i s  t h e  t h i r d  side of  a 
s p h e r i c a l  t r i a n g l e  w i t h  t h e  o t h e r  s i d e s  b e i n g  6 = 5' and t h e  4" 
a n g l e  between SAX and uz. 
f r e e  envi ronment  w i l l  be c o n s t a n t  r o t a t i o n  abou t  SAX, which w i  11 

b e  c o l i n e a r  w i t h  gH and us, U -Z 
7 . 2 '  h a l f - a n g l e  abou t  LIH i n  an i n e r t i a l  r e f e r e n c e .  

p e n a l t y  w i l l  t h e n  be less t h a n  1%. F i g u r e  1 0  shows t h e  coning  
p a t h  of gZ as a c i r c l e  c e n t e r e d  a b o u t  t h e  u l t i m a t e  l o c a t i o n  of 

i n  a s o l a r  i n e r t i a l  r e f e r e n c e  frame. The dashed l i n e  i n  

F i g u r e  1 0  shows t h e  p a t h  of gz immedia te ly  a f t e r  sp in-up ,  and 

t h e r e f o r e  i n c l u d e s  t h e  e f f e c t s  of  t h e  wobble induced by t h e  s p i n -  
up  p rocedure .  

I f  t h e  assumed a x i s  

F i g u r e  9 shows t h e  b e h a v i o r  o f  LJH 

The s o l a r  power supply  d e c r e a s e s  w i t h  an i n c r e a s e  i n  

An e r r o r  angle 6 = + 5' abou t  SIN r e s u l t s  i n  
and LJz, a u n i t  v e c t o r  a long  t h e  -MAX 

S i n c e  t h e  u l t i m a t e  motion i n  a t o r q u e -  

w i l l  u l t i m a t e l y  t r a c e  a cone of 
The power 

KH 

4.0 CONCLUSIONS 

The open-loop p u l s e d  t h r u s t e r  sp in-up  p rocedure  u s i n g  
t h r e e  S M  RCS t h r u s t e r s  i n t r o d u c e s  v e r y  l i t t l e  wobble i n t o  t h e  
r i g i d  body motion of t h e  s p i n n i n g  Skylab.  An e r r o r  i n  t h e  know- 
l e d g e  of t h e  l o c a t i o n  of t h e  a x i s  of maximum p r i n c i p a l  moment of 
i n e r t i a  c a u s e s  t h e  wobble t o  i n c r e a s e ,  b u t  it s t i l l  r ema ins  
s m a l l  w i t h  r e s p e c t  t o  t h e  a n t i c i p a t e d  p h y s i o l o g i c a l  d e t e c t i o n  
t h r e s h o l d .  
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The sequence  used  t o  p u l s e  t h e  t h r u s t e r s  c a u s e s  a s m a l l  
a n g u l a r  d e v i a t i o n  between t h e  a n g u l a r  momentum vector and t h e  
so l a r  v e c t o r .  
t h r u s t e r  f i r i n g  sequence.  I n  any e v e n t ,  so l a r  power loss i s  less 
t h a n  1%, which i s  c e r t a i n l y  a c c e p t a b l e .  

T h i s  d e v i a t i o n  can b e  d e c r e a s e d  by o p t i m i z i n g  t h e  

1022-LEV-cf L. E. Voelker  

At tachments  
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